Background and Purpose The use of flow diverters to treat aneurysms arising from small caliber parent vessels has been reported. This article reports the results of the first in experiences with the p48MW (p48 Movable Wire) in humans, a device specifically designed to target vessels 1.75-3 mm in diameter. Methods This monocentric study retrospectively reviewed the prospectively maintained database to identify all patients treated with the p48MW device between January 2017 and January 2019 at this institution. Patient demographics, aneurysm characteristics, angiographic and clinical follow-up were recorded as well as complications. Results A total of 25 patients (20 female) with an average age of 55 ± 12.9 years (range 34-84) with 25 aneurysms were identified. The majority of the aneurysms was located in the anterior circulation (19/25, 76%). The average aneurysm dome width was 3.98 ± 3.6 mm (range 1.2-13 mm). Complete occlusion was seen in 18/24 (75%) aneurysms with neck remnants in 1/24 (4.2%) and continued aneurysm filling seen in the remaining cases (5/24, 20.8%). Adequate occlusion was seen in 79.2% of aneurysms (Raymond Roy Classification [RRC] grade I or II) during the follow-up period. There was a single technical complication with inappropriate deployment of the first p48MW. There was a single clinical complication (4%); however, the patient made a complete recovery (modified Rankin Scale [mRS] 0) and one patient died secondary to uncontrollable status epilepticus following acute subarachnoid hemorrhage unrelated to the treatment. Conclusion The p48MW is safe and effective for the treatment of aneurysms including those arising from distal vessels.
Introduction
The introduction of flow-diverting technology represented a paradigm shift in the way intracranial aneurysms could be treated. These new stents were originally tested in previously untreatable aneurysms or those in which previous endovascular treatment had failed [1] . The exact mechanism of how an aneurysm is excluded is not completely understood; however, it likely involves several factors that occur in conjunction with one another and allow eventual healing of the underlying parent vessel [2] . These devices P. Bhogal bhogalweb@aol.com 1 The Royal London Hospital, Whitechapel Road, London, E1 1BB, UK share common design features such as a braided wire design and increased metal coverage, approximately 30-40% higher than in conventional stents [3, 4] .
A variety of different flow diverting stents (FDS) are currently available and these include the Pipeline Embolisation Device (PED) (Medtronic, Dublin, Ireland), Silk (Balt Extrusion, Montmorency, France), Surpass (Stryker Neurovascular, Fremont, CA, USA), p64 (phenox, Bochum, Germany) and the Flow Re-direction Endoluminal Device (FRED, Microvention, Tustin, CA, USA). Newer derivations of these devices, such as the Pipeline Shield, have also entered the market promising low thrombogenicity [5] with other devices, such as the FRED Jnr (Microvention) and Silk Vista Baby (Balt) designed for smaller vessels. In the past, flow diversion was not considered for use in the distal circulation due to the relatively superficial anatomy and good accessibility for neurosurgical clipping. Similarly, the delivery of devices via larger delivery catheters, typically 0.027 inch internal diameter (ID), to the distal circulation was considered technically challenging [6] . The introduction of devices such as the Silk Vista Baby and FRED Jnr.
has now made the treatment of distal aneurysms more feasible.
This article presents the single center results of a newly developed flow diverter, the p48MW (p48 movable wire, phenox, Bochum, Germany) that has been designed to treat distal vessels with diameters between 1.75 and 3 mm. The feasibility, safety, and effectiveness of this treatment are presented.
The p48MW Flow Diverter
The p48MW flow diverter comprises 48 braided drawn filled tubes (DFT) with each DFT strand constructed from platinum-filled nitinol tubing. Unlike the p64 device, the p48 is not mechanically detached; however, a proximal radio-opaque marker identifies the point at which the device can still be re-sheathed. There is a central, independently moveable wire (p48MW) that is compatible with 0.021 inch Fig. 1 The p48MW has an independently movable central wire with an atraumatic tip (a, black arrow) that is clearly visualized under fluoroscopy (b, black arrow). There is a radio-opaque marker that delineates the point of no return after which the stent cannot be recapture (b, white arrow). One of the key features of the p48MW is the central, independently movable wire. The atraumatic tip can be advanced/withdrawn by the operator during the procedure (c, d, black arrow). The radio-opaque marker (c, d, white arrow) delineates the point of no-return for device deployment ID microcatheters and an alternative version without a central movable wire (p48) that is compatible with 0.017 inch ID microcatheters. The movable inner wire is made of nitinol and has an atraumatic distal tip to prevent small distal vessels and perforator branches from rupturing. The p48 is designed to treat vessels of between 1.75 and 3 mm in diameter ( Figs. 1 and 2 ).
Material and Methods

Patient Population
A retrospective analysis of the prospectively maintained database was performed to identify all patients who had been treated with the p48MW flow diverter from a single center. The data set included patients with saccular, dissecting, and fusiform aneurysms, both ruptured and unruptured. The procedures took place between January 2017 and January 2019.
For each patient demographic data, clinical presentation, location of the aneurysm, therapeutic intervention, immediate angiographic and clinical results, and clinical and radiological follow-up information were recorded.
Endovascular Treatment
All treatment was performed with the patient under general anesthesia. Patient informed consent was obtained before the procedure in all cases. All patients with unruptured aneurysms received dual antiplatelet therapy (aspirin 100 mg daily and prasugrel 10 mg) for at least 7 days prior to the treatment. The effectiveness of the antiplatelet regimen was tested using VerifyNow (Werfen, Barcelona, Spain). The post-procedural antiplatelet regimen consisted of clopidogrel/prasugrel continued for 6 months following treatment and aspirin continued for life. For ruptured aneurysms, depending upon the clinical state of the patient, pre-medication was given either on the angio table or orally at least 3 h prior to the operation for patients able to take oral medications. For those patients able to take oral medications, loading doses of aspirin (500 mg) and prasugrel (60 mg) were given on the morning of the surgery. In those unable to take oral medication prior to the operation an intravenous bolus dose of weight-adjusted tirofiban was given on table. Subsequent loading doses of prasugrel via NG tube (60 mg) and IV aspirin (500 mg) were given at the end of the procedure. The effectiveness of the antiplatelet medication was tested 24 h post-procedure using the VerifyNow and Multiplate (Roche, Basel, Switzerland) analysers.
All procedures were performed via the right common femoral route using a tri-axial access system comprising of a 6 Fr Flexor Shuttle long sheath (Cook Medical, Bloomington, IN, USA) and 6 Fr 0.72 inch Navien distal access catheter (Covidien, Mansfield, MA, USA). Either a Trevo 21 (Stryker, Kalamazoo, MI, USA) or Prowler Select Plus (Codman, Raynham, MA, USA) microcatheter was used for access to the parent vessel and deployment of the p48 MW flow diverter. All procedures were performed under heparin anticoagulation with a 5000 IU bolus dose at the start of the procedure and subsequent 1000 IU bolus doses every hour to maintain the activated clotting time between 2-2.5 times the baseline.
Procedural Assessment and Follow-Up
Patency and flow characteristics within the parent vessel and any covered cortical branches or perforators were assessed angiographically immediately after having placed the FDS and during follow-up. Procedural follow-up, using either catheter digital subtraction angiography (DSA) or magnetic resonance angiography (MRA) was performed initially at 3-6 months (early follow-up), again at 9-12 months (intermediate follow-up) and then once per year. Standard angiographic projections were used to assess the patency of the vessels and the aneurysms in addition to angiographic projections that repeated those used during the treatment. Aneurysm occlusion was graded using the 3-point Raymond-Roy classification [7] . Neurological examinations were performed to test for potential ischemic or hemorrhagic complications in the postoperative period (<24 h post-procedure) and at each subsequent follow-up.
Results
Baseline Demographics and Aneurysm Characteristics
A total of 25 patients (20 female) with average age 55 ± 12.9 years (range 34-84) with 25 aneurysms were identified. The majority of the aneurysms was located in the anterior circulation (19/25, 76%) and on the left (13/25, 52%). The M1 (5/25, 20%) and A1 (4/25, 16%) segments were the most common locations for the aneurysms followed by the P1 (3/25, 12%) segment and PICA (3/25, ). Of the aneurysms (32%) were thought to be dissecting in nature, 1 (4%) was classified as a blister aneurysm and the remaining 16 (64%) were saccular. The majority of the aneurysms were incidental and found during the investigation of other conditions, such as headache, stroke, or transient ischemic attacks (TIA). Of the aneurysms 5 (20%) were treated following rupture of another intracranial aneurysm and 4 (16%) were treated acutely after subarachnoid hemorrhage. The average aneurysm dome width was 3.98 ± 3.6 mm (range 1.2-13 mm), dome height was 4.71 ± 5.5 mm (range 1-20 mm), and neck width 2.98 ± 1.4 mm (range 1.5-8 mm). The average aspect ratio was 1.31 ± 0.82 and bottleneck factor 1.22 ± 0.64. The average proximal vessel diameter was 2.5 ± 0.6 mm (range 1.5-3.5 mm) and the average distal vessel diameter was 2.1 ± 0.5 mm (range 1.3-2.8 mm). In all but one case only a single p48MW was deployed. In one case a 2nd device was deployed after ineffective placement of the 1st stent. In a single patient adjunctive coiling of the aneurysm was performed. The results are summarized in Table 1 . (Fig. 3) , RRC II in 1 patient (5%), and RRC III in 5 (25%). At any time point complete occlusion was seen in 18/24 (75%) of aneurysms with neck remnants in 1/24 (4.2%) and continued aneurysm filling seen in the remaining cases (5/24, 20.8%) (Fig. 4) . Adequate occlusion Table 2 .
Procedural and Clinical Complications
There was only one single procedural complication (4%) and in this case the 1st p48MW stent was not optimally placed, requiring a second device to be deployed. There was a single clinical complication (4%) in a patient treated for a carotid bifurcation aneurysm (Fig. 5) . A single p48 device was placed from the A1 into the terminal ICA across the neck of the aneurysm without any procedural complications. Follow-up imaging revealed acute diffusion restriction within the caudate head. In retrospect, the Heubner artery appeared to be slightly covered by the p48MW and it was thought this was the likely cause of the ischemia. The patient made a full recovery and the modified Rankin scale (mRS) score was 0 at 90 days. One patient in our series died (4%). This patient presented with acute SAH and only a small M2 aneurysm was found. The aneurysm was treated after 10 days with no intraoperative or perioperative complications; however, the patient developed uncontrollable seizures while on the intensive care unit that resulted in death on day 15 post-ictus.
Retreatment
A single aneurysm underwent repeat treatment with a p64 flow diverter (phenox, Bochum, Germany). This aneurysm, arising from the M1 segment of the MCA was treated with a single p48MW. After 9 months there was no significant change in the angiographic appearance of the aneurysm and therefore a repeat treatment with a single telescoped p64 was performed. A repeat angiography of the aneurysm is expected in due course. 
Morphological Changes, Intimal Hyperplasia and In-stent Stenosis
There was no evidence of intimal hyperplasia or in-stent stenosis in any of the cases at follow-up. A single case demonstrated mild fish-mouthing at the distal end of the device but there was no evidence of flow restriction. In a single case (4%) coverage of the Heubner artery was thought to have resulted in a periprocedural stroke; however, the vessel itself remained patent on follow-up angiography. There was no evidence that branch patency was related to continued aneurysm filling.
Discussion
The use of flow diverters in the intracranial circulation has been widely accepted among the interventional and neurosurgical communities. The Pipeline for Uncoilable or Failed Aneurysms (PUFS) trial, published the initial results in 2013 and showed 73.6% aneurysm occlusion at 6 months [1] with progressive aneurysm occlusion seen reaching 95.2% (60/63) at 5-year follow-up [8] . The early use of flow diversion was centered on the treatment of aneurysms arising from the internal carotid artery (ICA) with 79/108 (73.1%) aneurysms treated in the PUFS study arising from either the cavernous or ophthalmic segments of the ICA and the majority of the aneurysms being between 10 and 25 mm in size (78.7%). Since the publication of this K p48MW pivotal trial, numerous reports on the use of flow diversion distal to the circle of Willis have been published [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Ravindran et al. [26] recently reported their multicohort study of FDS use distal to the circle of Willis defined as at or beyond the A1, M1 and P1 segments of the ACA, MCA and PCA, respectively. They identified 46 patients with 46 aneurysms all treated with either the PED or the FRED from 3 centers. Just under three quarters of the aneurysms (74%) were located in the anterior circulation. The mean follow-up time was 13.0 months at which time complete or near complete occlusion was seen in 36 aneurysms (76.1%). All patients had a good functional outcome (mRS 0-2) and there were 2 cases of perforator vessel stroke (4.3%) but no hemorrhagic complications. Yan et al. [27] sought to determine the efficacy of flow diversion in small caliber vessels. In their meta-analysis, comprising 26 non-comparative studies and 572 aneurysms, the overall technical success rate of the FDS treatment reached 96% (95% confidence interval, CI = 0.93-1.00) with good long-term clinical outcome seen in 96% (95% CI = 0.93-0.99). At last follow-up the complete occlusion rate was 70% (95% CI = 0.64-0.76). Procedure related morbidity was 9% (95% CI = 0.07-0.12) and mortality was 4% (95% CI = 0.00-0.08). Interestingly, there was no statistically significant difference in aneurysms treated with a single FDS or overlapping FDSs although rates of occlusion were higher for the overlapping FDSs (68% vs. 85%, p = 0.07) and this would suggest that the design of the stents could be better optimized to target the smaller vessels. It should be noted that the devices used in these studies were likely to have been oversized. As a result of the braided design of flow diverters, oversizing will result in lengthening of the device [28] which in turn can make accurate positioning, particularly in the proximal landing zone, difficult. Perhaps more importantly, inappropriate sizing of the devices will affect the porosity of the devices. The metal coverage of the devices varies as a parabolic function of the ratio between the vessel and the device and typically oversizing of a FDS will result in reduced metal coverage and increased porosity that could theoretically result in a reduced aneurysm occlusion rate [28, 29] . The inherent oversizing that would have been unavoidable with previous iterations of flow diverter, therefore, may have accounted for the relative low aneurysm occlusion rates seen in the study of Yan et al. [27] as well as the higher rate of occlusion seen when overlapping stents were used. Similarly, inappropriate sizing may alter the patency of any covered side branches which is more likely to occur when these devices are used in the distal circulation [30] . This also suggests that there is a need to developed stents that are specifically targeted to the smaller calibre vessels.
Several devices have recently entered clinical use specifically targeting smaller vessels. These include the FRED Jnr, the Silk Vista Baby and the p48. To date, there are limited data on both the FRED Jnr and the Silk Vista Baby. Möhlenbruch et al. [31] published their multicenter results of 42 patients with 47 aneurysms. The FRED Jnr was successfully deployed in 39/42 (93%) and the vast majority of the aneurysms treated arose from the anterior circulation (42/47, 89.4%) with 18 aneurysms located on the MCA and 24 located on the ACA. The majority of the aneurysms were saccular (n = 35) with 9 fusiform aneurysms and 2 giant aneurysms. One aneurysm was treated in the sub-cute period following SAH. Of the aneurysms five represented recurrences following previous coiling, four were regrowths following aneurysm clipping, and two had previously been treated with the PED but had failed to occlude. The median diameter of the aneurysms was 6 mm (range 1.3-25.2 mm) with a median neck diameter of 4 mm (range 1.3-14.5 mm). The median parent vessel diameter was 2.4 mm (range 1.4-3.6 mm) proximally and 2.1 mm (range 1.5-0.3.4 mm) distally. Angiographically, complete occlusion of the 70% of the aneurysms (19/27 ) was seen at 6 months. Complete occlusion of 73% (8/11) of the aneurysms was seen at 12 months and near complete occlusion was seen in 27% (3/11) of aneurysms. Overall, 78% of aneurysms showed complete or near complete aneurysms occlusion at any time point postoperatively. In terms of safety, the primary endpoint of the study was the absence of mortality, stroke (major or minor) and TIA, with 93% of patients (39/42) achieving the primary endpoint. Side branch occlusion was documented in two patients and in both cases i.v. tirofiban injection was successful in achieving recanalization. Rautio et al. [32] recently published their results with 6-month follow-up (n = 15, 11 female). Of the 15 aneurysms, 8 had previously ruptured and been treated with coiling (n = 7) or neurosurgical clipping (n = 1) with retreatment required for residual neck or aneurysm regrowth. In all cases the procedure was technically feasible. Adequate wall apposition was seen in all cases and contrast stagnation (O'Kelly Marotta grade B) at the end of the procedure was seen in 2 of the aneurysms (13%). The National Institutes of Health Stroke Scale (NIHSS) and mRS remained stable in all patients during the follow-up period. At 3-6 months follow-up 9 aneurysms (60%) showed complete occlusion and based on the most recent angiographic results for each patient (6-24 months) the number of aneurysms that had been completely occluded reached 13/15 (87%). The remaining two aneurysms had decreased in size. It is of note that the authors reported no branch occlusions or significant caliber reductions in the stented vessels although this remains of concern [18, 33, 34] . Early results on the Silk Vista Baby device have also recently been published [35, 36] . Martinez-Galdámez et al. [35] recently reported the results of a multicenter study involving 41 patients (28 female, average age 50.5 years) with 43 aneurysms. The majority of the aneurysms were saccular (n = 30, 69.76%) and <10 mm (n = 30, 69.76%). The average artery diameter was 2.28 mm (range 0.9-3.6 mm), the proximal parent artery diameter was 2.8 and 2 mm distally with the majority of the aneurysms located in the anterior circulation (n = 34, 79.1%). An average of 1.19 stents was deployed. Multiple devices were used in 6 cases and adjunctive coiling was performed in 13 cases. There were 5 intraprocedural complications, none of which resulted in permanent clinical sequelae. Immediately after stent deployment, 8 aneurysms (18.6%) were classified as completely occluded (O'Kelly Marotta grading system [OKM] D), 5 (11.6%) were near complete occlusion (OKM C), 4 (9.3%) showed incomplete filling (OKM B), and 26 (60.4%) showed complete filling (OKM A). Longer term follow-up data are awaited and in the only other available publication regarding the Silk Vista Baby both aneurysms were completely occluded by follow-up [36] . The results of the present study are very similar with similar rates of occlusion when compared to the FRED Jnr (79.2% p48MW vs. 78% FRED Jnr) and similar rates of complication.
The study is limited by its retrospective nature and relatively small sample size. Similarly, the results may not be readily extrapolated to other centers with less experience of flow diversion. Furthermore, there are limited data on large/ giant and partially thrombosed aneurysms and therefore extrapolation to these clinical scenarios is difficult alongside limited experience of the use of the device in the acute setting.
Conclusion
The p48MW represents a next generation flow diverter designed to target smaller vessels distal to the circle of Willis. The device has similar occlusion rates to other flow diverters and is associated with a low complication rate.
